We analyze the screening of a magnetic quantum dot with spin 1 2 coupled to two helical liquids. Interestingly, we find two qualitatively different sets of Toulouse points, i.e., nontrivial parameters for which we can solve the two channel Kondo model exactly. This enables us to calculate the temperature and voltage dependent Kondo screening cloud, which develops oscillations for an applied spin voltage µs. Such a spin voltage can be conveniently applied by a charge bias in a four-terminal helical liquid setup.
Introduction. The crucial ingredient of Kondo physics [1, 2] is the coupling of a localized spin degree of freedom, often represented by a spin on a quantum dot (QD), to a spin bath. In recent years, peculiarities relating to a plethora of realizations of the spin bath have been investigated [3] [4] [5] [6] [7] . One of the archetypal phenomena in Kondo physics which is still subject of active research is the characteristic screening of the QD-spin: while theorists predict a macroscopically extended screening which has been coined the Kondo cloud, experimental confirmation of this unique correlation is still lacking [8, 9] . Problems related to the direct detection of the Kondo cloud are the high frequency at which the spin of the QD is flipping and the principal inability to directly measure correlations between the QD-spin and the lead-spin without decisively perturbing the tunneling region. Helical liquids, which have recently been theoretically predicted [10] [11] [12] and experimentally discovered [13] at the edge of the quantum spin Hall insulator [10, 11, 14] , feature two modes of excitations with opposite spins moving into opposite directions. The quantized conductance of G = e 2 /h of a single helical edge state is topologically protected against backscattering by time-reversal symmetry. A magnetic quantum dot coupled to helical liquids is one of the simplest nontrivial perturbations which allows elastic backscattering assisted by a spin flip of the QD [7] . Along these lines, former publications [7, 15] have mainly focused on the effect of a magnetic impurity on the conductance of the helical liquid and not on the screening of the localized spin. However, attaching helical liquids to a magnetic QD also offers unique opportunities to investigate spin-dependent scattering off the QD: by carrying away spin resolved information about the Kondo QD in distinct directions, correlations become measurable away from the QD avoiding the experimental necessity of locally perturbing the tunneling region.
In this Letter, we investigate an S = 1 2 QD that is coupled to two helical liquids in a two channel Kondo model [16] . We provide exact results for the local screening and the Kondo screening cloud. To this end, we solve the model by restricting the parameters to config- . Each side is brought out of equilibrium by an applied voltage.
urations for which an extension of the method of Emery and Kivelson [17] allows us to map the full interacting Hamiltonian to a quadratic one. We call these configurations Toulouse points following the terminology of the noninteracting case. Interestingly, we find two qualitatively distinct sets A and B of Toulouse points; set A contains the Toulouse point of the two channel Kondo model for noninteracting leads [17] , while set B resembles a one channel Toulouse point at both Luttinger parameters g = 1 2 [15] . Determining the local screening and the spatially extended Kondo screening cloud, we are able to demonstrate a different phenomenology for the novel interacting set of Toulouse points. For case A, the magnetic field of the QD is always "perfectly screened" [18] locally. However, the interacting case B provides, for example, no screening and overscreening. The Kondo cloud, defined as the correlations between the QD-spin and the lead-spin, obeys an asymptotic decay for large x that is quadratic at zero temperature. At finite temperature T = 1/(k B β), the decay becomes exponential after a length scale ξ T ≈ vβ, which was also seen by Borda [8] for the one channel Kondo model. In contrast to the noninteracting one channel case, we find a ln 2 (x) instead of an x −1 divergence for small x. Furthermore, we observe that an applied spin flavor voltage µ x =μ t +μ b , whereby "flavor" denotes top(t) or bottom(b) (see Fig.1 ), and a spin voltage µ s =μ t −μ b have distinct effects on the Kondo cloud. While the former acts as an artificial magnetic field which decreases the extent of the Kondo cloud significantly, the latter induces spatial oscillations of the Kondo cloud. Hence, the Kondo cloud can be easily manipulated in our four-terminal setup.
Model. A schematic setup is drawn in Fig.1 where the magnetic QD is realized by a properly gated anti-dot. The modeling Hamiltonian is the two channel Kondo model for helical liquids and given by the sum of
for each side a ∈ {t, b}. Here, the operatorsΨ a,σ and τ represent the fermions of the leads and the spin of the QD respectively, v F,a is the Fermi velocity, g 2/4,a denotes the interaction strengths within the leads, and the con-
a determine the strength of the coupling of the leads to the QD. We mention here that we do not consider "crossing terms" of the form τ λΨ † t,σ σ λ σ,σ ′Ψb,σ ′ in our model. This is justified by an RG analysis along the lines of Ref. [19] . We show that, for the Toulouse points B, all crossing terms are irrelevant and, for the Toulouse points A, our model takes into account the most relevant terms (but not all relevant ones); see the appendix for more details.
Following Ref. [20] , the helical liquids are bosonized using the bosonization identityΨ a,σ (x) =
F a,σ e −iφa,σ(x) with the cutoff length a c and the Klein factors F a,σ , and diagonalized by introducing the fields
with the Luttinger parameters
. This leads to
TABLE I: Toulouse points of the two channel Kondo model for helical liquids. There are two disconnected sets A and B of Toulouse points whereby B possesses two branches, distinguished by s = ±. The parametrization uses v ∈ (0, ∞) and q ∈ (0, π/2).
We furthermore include the chemical potentialsμ a similarly to Refs. [15, 21] by the nonequilibrium operator
whereÑ a,σ is the total number operator of the fermioñ Ψ a,σ . In principal, independent chemical potentials at each terminal depicted in Fig.1 could be considered. However, as the Kondo interaction is a spin interaction, the two potential configurations that are only able to alter charge decouple from the QD. Therefore, we do not consider them explicitly.
Method. The aim is to find the Toulouse points of the Hamiltonian, i.e. points in the parameter space for which there is a mapping of the Hamiltonian from Eq.(3) to a quadratic one following the ideas of Refs. [17, 18, 22] : (i) applying an Emery-Kivelson rotation U = exp(i a λ a,+ ϕ a,+ (0)τ z ), (ii) transforming ϕ a,± orthonormally to fields φ j , (iii) refermionizing. This technique has also been recently employed to analyze the Kondo problem for a single helical liquid in Ref. [23] .
In our setup, we obtain all Toulouse points by restricting J z a to the value such that H z K,a cancels the EmeryKivelson rotation of H a and secondly imposing that all vertex operators after step (ii) take a refermionizable form. Here we distinguish two possibilities. Within case A both vertex operators take the form e ±iφ4(0) , while for case B the form of one vertex operator deviates to e ±iφ2(0) , where φ 2 and φ 4 are linearly independent. A representation of all Toulouse points is given in Tab.I. Case A is characterized by g t + g b = 2 and contains the noninteracting case. In contrast, the novel case B obeys g t + g b = 1 and intrinsically relies on interactions. In particular, it contains g t = g b = 1 2 for which refermionization is known to be a promising method in similar models [15, 20] The grand canonical operators of the resulting resonant level models after refermionization to the fermionic
with the local pseudofermion c = G † 2 τ − , for case A, where we exploited the extended treatment of Klein factors and number operators in Ref. [18] and
for case B with c = τ [20] . In both cases, the noninteracting Hamiltonian is given by H 0 = v j dx Ψ j (x)(i∂ x )Ψ j (x). The Hamiltonians of Eqs. (5) and (6) are solvable via a variety of techniques, see, e.g. Refs. [18, 21] . Our results are based on infinite order perturbation theory in the Keldysh formalism.
Results. We focus now on the z-screening of the spin τ of the QD. The contributions to this quantity are the local screening at x = 0, determined by the locally bound spin in the leads, and the spatially extended Kondo cloud. The local screening S 
Following Tab.I, this reveals S 
with δA = A − A . We find that for case A, the Kondo cloud does not depend on the interaction parameters g t/b . For convenience, we therefore denote the Kondo cloud of case A by χ z a (x, 1) later. Furthermore, the sum of the Kondo clouds on both sides vanishes, i.e. 
Interestingly, Eq. (9) 
2 ), (10) with a, a ′ ∈ {t ≡ +, b ≡ −}. A direct consequence of Eq. (10) is a simple dependence of the total Kondo cloud on the interaction parameters
In equilibrium, the analytical expressions for the Kondo clouds read
16πackB v . The equilibrium Kondo cloud is shown in Fig.2 . Concerning case A, given in Fig.2(a) , we chose T
appear in the shape of the Kondo cloud by inducing a crossover to different asymptotic behaviors. The leading divergence for small x is ln 2 (x) and the asymptotic behavior for large x is a quadratic decay. For finite temperature, the Kondo cloud decays exponentially in x after a length scale ξ T ≈ vβ similar to Ref. [8] .
For case B (Fig.2(b) ), the temperature of reference is conveniently chosen to be T
Rescaled by T K t , the generic Kondo cloud of side t is a universal curve for all coupling parameters. In contrast to case A, the only relevant length scale is determined by ξ
Applied voltages µ x and µ s alter the Kondo cloud distinctly. The spin flavor voltage µ x acts as a magnetic field, see also [15] , and strongly shrinks the Kondo cloud in both classes of Toulouse points. This reflects the sensitivity of Kondo physics to unhindered spin flips of the QD. An increasing µ s instead induces oscillations in the Kondo cloud depicted in Fig.3 . For case A, an oscillation of the frequency µ s /( v) changes the sign of the Kondo cloud locally. This oscillation decays exponentially and the Kondo cloud becomes monotonic again for large x. For case B, the universality of the Kondo cloud at a specific T K B is destroyed. In addition to the oscillations of case A, case B shows oscillations of the frequency 2µ s /( v), which decay quadratically in x. Nevertheless, the Kondo cloud never changes signs for all x. The oscillations can be interpreted as the impact of Friedel oscillations on the Kondo cloud. While Friedel oscillations in helical liquids are suppressed in the presence of ordinary scatterers, the spin-flip scattering off the magnetic QD to the oppositely moving channel generates an interference of the wave functions in both channels.
Conclusions. We couple a magnetic QD with spin mapped to a quadratic one. The Toulouse points separate into two qualitatively different sets. The first is related to the known Toulouse points of the non-interacting case. The second appears exclusively in the case of interactions. We determine the local screening and the Kondo screening cloud and calculate the signature of applied voltages. Due to the special spin-orbit locking of the helical liquids, we conjecture that a finite frequency current noise measurement between different reservoirs (in our four-terminal setup) allows an indirect detection of the Kondo cloud. If the noise frequency matches the Kondo temperature, the current fluctuations should be most sensitive to the Kondo correlations that give rise to the Kondo cloud.
We thank P. Simon and G. Zaránd for interesting discussions as well as the DFG, the Humboldt Foundation, and the ESF for financial support. [19] and extending their method to different interaction strengths within the leads. FPs stands for "fixed points". "FP general" is the fixed point for arbitrary interaction strength on both sides, finite J z 's and small J ⊥ 's. "FP weak" is the fixed point of all J's being small. "FP A" and "FP B" are the special Toulouse points for which the scaling dimensions are calculated by plugging the particular parameters of Tab.I of our Letter into the formulas for the general case.
